###### Strengths and limitations of this study

-   Provides a homogenous evaluation of evidence by assessing the effectiveness, safety and efficiency of contact force (CF)-guided atrial fibrillation (AF) ablation using a specific model of open-irrigated CF catheter.

-   Used recommended best practices, including a prospectively defined search strategy, inclusion criteria and a statistical analysis plan.

-   Data from both randomised and non-randomised studies were included in the analysis due to the limited availability of randomised evidence in this setting.

-   There were limited persistent AF studies reporting the primary endpoint and, therefore, the results in this patient population need to be examined further.

Introduction {#s1}
============

Atrial fibrillation (AF) affects an estimated 33 million individuals worldwide and is a major cause of stroke, heart failure and death. Catheter ablation is an established treatment option for symptomatic AF when a rhythm control strategy is desired and anti-arrhythmic drug therapy is ineffective or not tolerated.[@R1] Improvements in ablation technologies and techniques to safely create more durable lesions could improve the risk--benefit profile of this procedure.[@R2] Recent advances in radiofrequency (RF) catheter design include models with real-time monitoring of catheter-to-tissue contact force (CF). Evidence suggests improved clinical success in paroxysmal AF ablation with stable catheter--tissue contact.[@R3]

Systematic reviews of AF ablation using CF catheters[@R4] have yielded mixed results, in part due to variations in methodologies and the rapidly evolving evidence base. In addition, all meta-analyses published to date have combined outcomes from different CF-sensing technologies, which have distinct physical properties, instructions for use and associated electroanatomical mapping systems and software.[@R6] As such, differences between CF-sensing technologies may affect clinical outcome, as suggested by a linear relationship between CF and 12-month success for a fibre optic CF-sensing technology,[@R7] while a non-linear relationship between CF and 12-month success was noted for a spring sensor CF catheter.[@R3] To provide a homogeneous evaluation of evidence, the objective of this systematic literature review and meta-analysis was to assess the effectiveness, safety and efficiency of CF-guided AF ablation using a specific model of open-irrigated CF catheter (THERMOCOOL SMARTTOUCH Catheter (ST), Biosense Webster, Irvine, California, USA), compared with any other ablation catheter or with the ST catheter with the operator blinded to CF data. This CF-sensing technology comprises a small spring connecting the ablation tip electrode to the catheter shaft equipped with a magnetic transmitter and sensors. Published evidence on the ST catheter has not been meta-analysed separately for clinical endpoints (safety and efficacy) and procedure efficiency (procedure time, fluoroscopy use) compared with other ablation strategies.

Methods {#s2}
=======

We performed a systematic review of the research question and since the data extracted from qualified studies of our systematic review were sufficient, we performed a meta-analysis. Both were performed using recommended best practices, including a prospectively defined search strategy, inclusion criteria and statistical analysis plan.[@R8] The review was conducted under a prospective protocol, without registration with any external entity.

Data source {#s2a}
-----------

A comprehensive search of clinical literature published through 1 August 2017 was conducted. Our search strategy encompassed several electronic databases as well as manual searches (online [supplement 1](#SP1){ref-type="supplementary-material"}). Search results were not restricted by language, although the majority of journals indexed in the databases searched are published in English, and English language titles and abstracts were used for screening where available. In brief, our search strategy included the National Library of Medicine's PubMed database, the Excerpta Medica (EMBASE®) database from Elsevier B.V., the Cochrane Library CENTRAL register, the ClinicalTrials.gov database and manual reference checks.
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Inclusion criteria {#s2b}
------------------

Randomised or non-randomised studies were eligible if they reported comparative data for percutaneous AF ablation using the ST CF-sensing catheter versus any comparator: standard focal non-CF-sensing RF catheters, ST catheters with operator blinded to CF data, single-shot devices (cryoballoon, multielectrode RF) or another CF-sensing catheter. To exclude studies of insufficient sample size, studies were included only if they enrolled at least 10 adult AF patients and reported at least one outcome of interest (effectiveness or safety). Meeting abstracts, white papers, editorial/commentary and reviews without primary data were excluded. Studies were not eligible if data could not be separately extracted for the ST catheter.

Statistical analyses {#s2c}
--------------------

The primary endpoint was freedom from recurrent atrial tachyarrhythmia (AT) at 12 months. Recurrence of AT was defined as any episode (symptomatic or asymptomatic) of documented atrial arrhythmia lasting 30 s or more (online [supplement 2](#SP1){ref-type="supplementary-material"}). Procedural parameters and safety data were also analysed. Sensitivity and subgroup analyses were planned a priori to understand the robustness of the comparisons and to explore potential sources of heterogeneity. Freedom from recurrent AT at 12 months was evaluated using OR; continuous outcomes such as procedure times and fluoroscopy dose were evaluated with Hedges' g differences. Hedges' g is a standardised mean difference, appropriate when outcome definitions, measurement scales or data reporting formats differ among studies. Hedges' g values \<0.2 indicate a small effect, 0.5 a medium effect, and \>0.8 a large effect.[@R9] Mean differences, using studies which provided means and SD, were also computed to provide clinical context for continuous outcomes. The Cochran-Mantel-Haenszel chi test was used to compare the rates of total complications and cardiac tamponade.

We used DerSimonian-Laird (DL) random-effects models for the primary analysis of all effectiveness and efficiency outcomes. We also employed an alternate meta-analytic method, Hartung-Knapp-Sidik-Jonkman (HKSJ), which is increasingly recommended for small and heterogeneous data sets, to assess impact on results.[@R10] After fitting the analyses, key patient and study design characteristics, for example, type of AF, comparator and study design, were assessed to explore heterogeneity and examine the robustness of the results, data permitting. Study quality was assessed using the Oxford Center for Evidence-Based Medicine Levels of Evidence. All studies in this review were Levels IB (randomised trial), IIB (individual cohort study) or IIC (outcomes research). The potential for publication bias or small-study effects was assessed using funnel plots and Rucker's Arcsine Test of Asymmetry (online [supplement 3](#SP1){ref-type="supplementary-material"}).[@R11] Analyses were performed using Comprehensive Meta-Analysis software (Englewood, New Jersey, USA), V.3 and SAS Software, V.9.2 or higher. Fixed-effects models were not included since heterogeneity was expected among and between the randomised and non-randomised studies.

Patient and public involvement {#s2d}
------------------------------

Patients were not involved in this study.

Results {#s3}
=======

The search identified 34 studies meeting eligibility criteria, including 6 randomised controlled trials. One study was reported in two publications (in English and Hungarian)[@R13]; all other studies were published in English. The primary reasons for study exclusion were as follows: no use of the technology of interest (ST), mixed ablation technologies without separable data and non-comparative study design ([figure 1](#F1){ref-type="fig"}). A total of 5004 AF patients were enrolled in the 34 studies (CF: 2038; comparator: 2966). The majority of the patients had paroxysmal AF (60.3%). Two-thirds (65.4%) of all patients in the comparator groups were treated with open-irrigated RF catheters. No studies comparing the ST to other CF-sensing technologies were found. Studies were primarily performed in Europe, with five studies in Japan and five in North America (USA: 3; Canada: 2; USA and Canada: 1) ([table 1](#T1){ref-type="table"}). Most evidence was Oxford Level of Evidence IIB (individual cohort study).

###### 

Characteristics of included studies

                                                                                         Number of studies   Number of patients
  -------------------------------------------------------------------------------------- ------------------- --------------------
  Total                                                                                  34                  5004
   Patient population                                                                                        
    Paroxysmal AF only                                                                   15                  1182
    Persistent AF only                                                                   2                   274
    Mixed AF types, with separable data for primary endpoint                             1                   600
    Mixed AF types, no separable data                                                    14                  2878
    Not reported                                                                         2                   70
   Location                                                                                                  
    Europe                                                                               20                  3422
    North America                                                                        5                   747
    Japan                                                                                5                   544
    Other                                                                                4                   291
   Study design                                                                                              
    Randomised controlled trial                                                          6                   438
    Non-randomised comparative study (matched or adjusted for patient characteristics)   9                   1674
    Non-randomised comparative study (no adjustment or matching)                         19                  2892
   Level of evidence                                                                                         
    IB (randomised trial)                                                                6                   438
    IIB (cohort study)                                                                   24                  2622
    IIC (outcomes research, retrospective data)                                          4                   1944
  Mean/median follow-up                                                                                      
    \<12 months                                                                          9                   1190
    ≥12 months                                                                           20                  2143
    Not reported                                                                         5                   1671

  Comparison type                                                            Number of treatment groups   Number of comparator patients
  -------------------------------------------------------------------------- ---------------------------- -------------------------------
  ST catheter compared with ST catheter with blinded CF data                 7                            244
  ST catheter compared with other irrigated radiofrequency catheter(s)       18                           1939
  ST catheter compared with cryoballoon                                      4                            201
  ST catheter compared with multielectrode catheter                          3                            85
  ST catheter compared with non-specified/mixed radiofrequency catheter(s)   2                            497

AF, atrial fibrillation; CF, contact force; ST, THERMOCOOL SMARTTOUCH catheter.

![Study attrition. AF, atrial fibrillation; CF, contact force; RCT, randomised controlled trial; ST, THERMOCOOL SMARTTOUCH catheter.](bmjopen-2018-023775f01){#F1}

Effectiveness {#s3a}
-------------

The use of ST was associated with significantly increased odds of the primary endpoint, freedom from AT at 12 months, compared with comparator ablation catheters (71.0% vs 60.8%; OR 1.454, 95% CI 1.12 to 1.88, p=0.004; [figure 2](#F2){ref-type="fig"}). Subgroup analyses demonstrated that the benefit of ST ablation over all other ablation catheters was most evident for paroxysmal AF (75.6% vs 64.7%; OR 1.560, 95% CI 1.09 to 2.24, p=0.015; [figure 3](#F3){ref-type="fig"}). No difference was found for persistent AF (51.1% ST vs 44.9% comparators; OR 1.287, 95% CI 0.73 to 2.28, p=0.385; [figure 4](#F4){ref-type="fig"}), but the sample size was too small (three studies) to draw definitive conclusions. Separating the comparators by type showed no significant difference in freedom from AT at 12 months when the operator was blinded from the CF data using ST catheter or when a single-shot catheter (cryoballoon) was used for ablation ([table 2](#T2){ref-type="table"}). Freedom from AT at 12 months was significantly higher (OR 1.766, 95% CI 1.22 to 2.55, p=0.002) in the ST group in comparison to non-CF RF catheters such as irrigated point-by-point RF catheters, remote navigated RF catheter, diamond-tip RF catheter and unspecified RF catheters. Randomised trials, all with study design comparing CF visible to CF blinded groups, showed a smaller, nonsignificant effect compared with non-randomised comparative trials ([figure 2](#F2){ref-type="fig"}). Other patient and study design characteristics including level of evidence, use of matching or adjustment and study sponsorship were not significant sources of variation among studies. Meta-regression was used to investigate possible sources of heterogeneity for freedom from AT at 12 months, and none of the analyses showed statistically significant results. Statistical results were similar when the alternate meta-analytic method, HKSJ, was employed (freedom from AT at 12 months: OR 1.454, 95% CI 1.09 to 1.94, p=0.015). No evidence of publication bias or small-study effects was found in the funnel plot or Rucker's Arcsine test of asymmetry (p=0.765; online [supplement 3](#SP1){ref-type="supplementary-material"}).

###### 

Separation of comparators by type of ablation catheter

                                 Comparators                                                                                               
  ------------------------------ ------------------------------------- ---------------------------------- -------------------------------- -------------------------------------
  Freedom from AT (OR)           1.454 (1.12 to 1.88), 0.004           1.243 (0.75 to 2.06), 0.397        0.877 (0.49 to 1.57), 0.658\*    1.766 (1.22 to 2.55), 0.002
  Procedure time (Hedges' g)     −0.254 (--0.50 to --0.01), 0.046      −0.414 (--0.73 to --0.10), 0.010   0.511 (--0.62 to 1.64), 0.375    −0.440 (--0.70 to --0.18), 0.001
  Fluoroscopy time (Hedges' g)   −0.442 (--0.66 to --0.22), \<0.0005   −0.248 (--0.48 to --0.01), 0.039   −0.438 (--0.93 to 0.05), 0.081   −0.477 (--0.78 to --0.18), 0.002
  Fluoroscopy dose (Hedges' g)   −0.386 (--0.56 to --0.21), \<0.0005   −0.279 (--0.70 to 0.14), 0.190     Not performed, too few studies   −0.429 (--0.67 to --0.19), \<0.0005

\*This group contains only cryoballoon studies.

AT, atrial  tachyarrhythmia; CF, contact force.

![Freedom from AT at 12 months for ST versus comparator ablation catheters, by study design. Total effect - ST versus comparator ablation catheters: 686/966 (71.0%) versus 744/1223 (60.8%); OR 1.454, 95% CI 1.12 to 1.88, p=0.004; heterogeneity: Cochran's Q=20.2, df=15 (p=0.165); I^2^=25.6%. RCT: 70.8% versus 66.9%; OR 1.284, 95% CI 0.71 to 2.31, p=0.405; non-RCT: 71.1% versus 59.9%; OR 1.505, 95% CI 1.12 to 2.03, p=0.007. AT, atrial tachyarrhythmia; RCT, randomised controlled trial; ST, THERMOCOOL SMARTTOUCH catheter.](bmjopen-2018-023775f02){#F2}

![Freedom from AT at 12 months in paroxysmal AF patients. AF, atrial fibrillation; AT, atrial tachyarrhythmia; PAF, paroxysmal atrial fibrillation; SmartTouch, THERMOCOOL SMARTTOUCH catheter.](bmjopen-2018-023775f03){#F3}

![Freedom from AT at 12 months in persistent AF patients. AF, atrial fibrillation; AT, atrial tachyarrhythmia; PersAF, persistent atrial fibrillation; SmartTouch, THERMOCOOL SMARTTOUCH catheter.](bmjopen-2018-023775f04){#F4}

Fourteen studies also reported acute pulmonary vein (PV) reconnection, which was lower with CF compared with the comparator group (OR 0.448, 95% CI 0.30 to 0.67, p≤0.0005). When examining the paroxysmal AF subset of patients, acute PV reconnections were significantly lower in the CF group (OR 0.486, 95% CI 0.29 to 0.82, p=0.007; [figure 5](#F5){ref-type="fig"}). It is important to note that studies reported this outcome in terms of PVs, PV pairs or number of patients with acute reconnection; however, no discrepancies in effect size were found despite the variability of the outcome definition. When an alternate meta-analytic method, HKSJ, was employed, the statistical results were in agreement with the DL method (OR 0.448, 95% CI 0.28 to 0.71, p=0.003).

![Acute pulmonary vein reconnection, paroxysmal AF subset analysis. AF, atrial fibrillation; PAF, paroxysmal atrial fibrillation; SmartTouch, THERMOCOOL SMARTTOUCH catheter.](bmjopen-2018-023775f05){#F5}

Procedural efficiency {#s3b}
---------------------

Procedure time was shorter with CF, with a moderate effect size (Hedges' g: −0.254, p=0.046) ([figure 6](#F6){ref-type="fig"}). For the subset of studies which provided procedure time means and SD, this amounted to an approximate 15.5 min (9.0%) reduction. Fluoroscopy time was significantly lower in the CF group (Hedges' g −0.442, p\<0.0005). For the subset of studies which provided fluoroscopy time means and SD, this amounted to an approximate 4.8 min (18.7%) reduction. Fluoroscopy time with ST trended lower compared with single-shot catheter but did not reach statistical significance (Hedges' g: −0.438, p=0.081) ([table 2](#T2){ref-type="table"}). Fewer studies reported fluoroscopy dose, but results were generally similar to those of fluoroscopy time ([table 2](#T2){ref-type="table"}). Procedure and fluoroscopy times varied among studies/centres, likely due to differences in procedure workflow and definition of start and stop times. Statistical results were similar when the alternate meta-analytic method (HKSJ) was employed. Study design was not a significant source of heterogeneity for the procedure and fluoroscopy time outcomes.

![Procedure time, by study design. Total effect - ST versus comparator ablation catheters: Hedges' g −0.254, p=0.046. Hedges' g is the measure of effect as standardised mean difference; Hedges' g values \<0.2 indicate a small effect, 0.5 a medium effect and \>0.8 a large effect.[@R9] RCT, randomised controlled trial; SmartTouch, THERMOCOOL SMARTTOUCH® catheter.](bmjopen-2018-023775f06){#F6}

Safety {#s3c}
------

Twenty-four studies reported total procedural complications, of which 10 reported either no events or no major events in either CF-treated or comparator patients. Rates of complications in the remaining 14 studies ranged from 2% to 17% ([table 3](#T3){ref-type="table"}). No safety differences between ST and comparator groups were evident. The Cochran-Mantel-Haenszel χ^2^ test found no significant difference in the rate of total complications between the two groups (p=0.143, n=2454) with a Mantel-Haenszel OR of 0.714 (95% CI 0.45 to 1.12). There were no periprocedural deaths reported among patients treated with the CF catheter. One patient in the non-CF arm of a large multicentre study from the UK had an atrioesophageal fistula after the procedure, which lead to death.[@R15] No significant difference was found in the rate of cardiac tamponade between the two groups (p=0.549, n=2777; Mantel-Haenszel OR 0.782, 95% CI 0.35 to 1.73).

###### 

Safety

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author, Year           \# Patients with any procedural complication (Events/N)   Comparator     Notes                             
  ---------------------- --------------------------------------------------------- -------------- --------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------
  Fichtner *et al*\      0/30                                                      2 (minor)/29   Irrigated RF                      Two vascular access complications in comparator group
  2015[@R23]                                                                                                                        

  Hussein *et al*\       3/77                                                      4/97           Unspecified non-CF RF catheters   ST: one TIA, two vascular access complications\
  2017[@R24]                                                                                                                        Comparator: two existing pacemaker lead dislodgement, two vascular access complications

  Itoh *et al*\          0/50                                                      0/50           Irrigated RF                      --
  2016[@R25]                                                                                                                        

  Jarman *et al*\        7/200                                                     17/400         Unspecified non-CF RF catheters   ST: two pericardial drains, one TIA, four vascular access complications\
  2015[@R15]                                                                                                                        Comparator: one atrioesophageal fistula (fatal), one stroke, one PV stenosis, two phrenic palsies, five pericardial drains, seven vascular access complications

  Marai *et al*\         0 (major)/11                                              0 (major)/22   Irrigated RF                      --
  2016[@R26]                                                                                                                        

  Marijon *et al*\       0 (major)/30                                              0 (major)/30   Irrigated RF                      ST: two pericardial effusions, treated conservatively; one vascular access complication\
  2014[@R27]                                                                                                                        Comparator: one pericardial effusion, treated conservatively; two vascular access complications

  Nair *et al*\          1/68                                                      5/99           Irrigated RF                      ST: one GI bleed due to oesophageal tear during temperature probe insertion\
  2017[@R28]                                                                                                                        Comparator: three cardiac tamponade, one vascular access complication, one traumatic Foley catheter insertion

  Naniwadekar *et al*\   0/15                                                      0/15           Irrigated RF                      --
  2016[@R29]                                                                                                                        

  Sciarra *et al*\       0/21                                                      0/21           Irrigated RF\*                    --
  2014[@R30]                                                                                                                        

  Ullah *et al*\         3/50                                                      2/50           Irrigated RF                      ST: two major: one phrenic nerve injury, one pseudoaneurysm; one minor: pericardial effusion\
  2014[@R31]                                                                                                                        Comparator: two major: one cardiac tamponade, one TIA; 0 minor

  Gunawardene *et al*\   4/30                                                      6/30           Cryoballoon                       ST: four vascular access complications\
  2018[@R32]                                                                                                                        Comparator: one transient phrenic nerve injury, five vascular access complications

  Jourda *et al*\        2 (major)/75                                              1 (major)/75   Cryoballoon                       ST: one upper GI bleed requiring transfusion, one major vascular access complication\
  2015[@R33]                                                                                                                        Comparator: 1 major vascular access complication; 13 transient nerve palsies

  Kardos *et al*\        1/58                                                      3/40           Cryoballoon                       ST: one cardiac tamponade\
  2016[@R13]                                                                                                                        Comparator: three phrenic nerve injuries

  Knecht *et al*\        0/20                                                      0/20           Multielectrode RF                 --
  2017[@R34]                                                                                                                        

  Okumura *et al*\       0/56                                                      3/56           Cryoballoon                       Three transient phrenic nerve injuries in comparator group
  2017[@R35]                                                                                                                        

  Rosso *et al*\         0/50                                                      0/36           Multielectrode RF                 --
  2016[@R36]                                                                                                                        

  Wakili *et al*\        1/29                                                      4/29           Multielectrode RF                 ST: one vascular access complication\
  2016[@R37]                                                                                                                        Comparator: one phrenic nerve injury, one vascular access complication, one significant electrode charring, one oesophageal lesion on endoscopy

  Borregaard *et al*\    0/25                                                      0/25           ST, operator blinded to CF        --
  2017[@R38]                                                                                                                        

  Haldar *et al*\        1/20                                                      0/20           ST, operator blinded to CF        One vascular access complication in ST group
  2013[@R39]                                                                                                                        

  Kimura *et al*\        0 (major)/19                                              0 (major)/19   ST, operator blinded to CF        --
  2014[@R40]                                                                                                                        

  Makimoto *et al*\      0 (major)/35                                              0 (major)/35   ST, operator blinded to CF        --
  2015[@R41]                                                                                                                        

  Nakamura *et al*\      3/60                                                      1/60           ST, operator blinded to CF        ST: one late cardiac tamponade, one air embolism, one vascular access complication\
  2015[@R42]                                                                                                                        Comparator: one vascular access complication

  Pedrote *et al*\       0/25                                                      1/25           ST, operator blinded to CF        One cardiac tamponade in comparator group
  2016[@R43]                                                                                                                        

  Ullah *et al*\         6/60                                                      5/60           ST, operator blinded to CF        ST: two major: one cardiac tamponade and one pseudoaneurysm; four minor: one pericardial effusion, two pericarditis, one haematoma\
  2016[@R44]                                                                                                                        Comparator: three major: one pericarditis requiring hospitalisation, one major haematoma, one broken sheath requiring removal; two minor: two haematoma.
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\*No events in the standard Thermocool group, which was used as comparison.

CF, contact force; GI, gastrointestinal; N, number of patients in group; PV, pulmonary vein; RF, radiofrequency; ST, THERMOCOOL SMARTTOUCH catheter; TIA, transient ischaemic attack.

Total procedural complications, and where applicable characterisation of major or minor events, are as reported by study authors. Ten studies did not report the total number of procedural complications.

Discussion {#s4}
==========

Based on a comprehensive literature review and prospectively planned analyses, the meta-analysis showed that ablation using an open-irrigated, spring sensor CF catheter had greater odds of long-term success in AF patients compared with other ablation catheters, most evidently in the paroxysmal AF population (OR 1.56, p=0.015) without compromising safety as there were no differences in rates of periprocedural complication or cardiac tamponade. No difference was found in persistent AF patients (OR 1.287, p=0.385), but only three studies were available within our literature search period suggesting further comparative studies in this population are needed. A randomised controlled trial in persistent AF, which was published since our search cut-off date, also showed no difference between the CF-sensing ST catheter and the same catheter with CF blinded to the operator (60% vs 63% freedom from AT at 12 months).[@R16] The authors suggest that a study incorporating CF tagging or stability modules may result in better clinical outcomes, but would need to be further tested.

Four randomised controlled trials reported the difference in effectiveness for paroxysmal AF as the primary endpoint. These studies compared the ST catheter with and without the operators blinded to CF. This meta-analysis suggests that blinding of CF to experienced CF operators may not allow for a useful comparison as these operators have learnt proper use and manoeuvrability of the CF catheters, even in the absence of CF information. This training effect has been suggested by other groups as a potential explanation to CF-blinded comparative studies.[@R16] In addition, in these four randomised trials, all PV reconnection/gaps were re-ablated to ensure that the PVs were isolated, which may have minimised differences between groups. These factors will need to be considered in future randomised controlled trials.

Acute PV reconnection has been shown to be a predictor of long-term arrhythmia recurrence.[@R17] The present meta-analysis shows that acute PV reconnection was significantly lower in the CF group, potentially explaining the differences in longer-term success given that catheter--tissue contact is critical in lesion formation.[@R18]

Moderate procedural efficiency gains were noted in the CF group. The moderate effect size likely reflects the variabilities of ablation workflow among different centres and early operator experience with CF catheters in these studies. A more recent study suggested a similar reduction in fluoroscopy exposure using the CF-sensing catheter.[@R19] Most studies (9/15) in this meta-analysis did not use additional CF stability modules or automated lesion tagging software that are now available. One study showed that long-term effectiveness outcome improved with automated lesion tagging tool incorporating inter-tag distance.[@R20] This preliminary finding will need to be confirmed in larger studies using these newer CF technologies.

This review investigated ST versus any other ablation catheter or ST with the operator blinded to CF data. In addition, safety, efficiency and efficacy were also reported with the three comparator groups (operator blinded to CF, single-shot catheter and non-CF RF catheters) given as sub-analyses. As discussed above, there were no significant differences in freedom from AT or fluoroscopy dose when the operator was blinded from CF data (all within randomised controlled trials). Interestingly, although single-shot devices such as cryoballoon ablation are commonly perceived to be less time consuming than focal radiofrequency PV isolation, the data showed no significant difference in procedure time compared with the ST group. Fluoroscopy time trended lower in the ST group compared with single-shot device but did not reach statistical significance. Procedural efficiencies are dependent on operator experience which is related to workflow adopted by operators, including fluoroscopy used. This may have contributed to the lack of differences observed in these comparisons. As newer CF and single-shot technologies become available, it would be important to understand how workflows evolve and quantify their impacts on procedural efficiencies. No differences in effectiveness were observed between ST and single-shot devices.

The ST group showed significantly higher odds of freedom from AT at 12 months in comparison to the non-CF-sensing catheter intervention group (OR 1.766 95% CI 1.22 to 2.55, p=0.002) which included point-by-point RF catheters, a remote navigated RF catheter, a diamond-tip RF catheter and unspecified RF catheters. Procedure time, fluoroscopy time and fluoroscopy dose were also significantly lower in the ST group in comparison to non-CF catheter intervention.

There are some noted differences between the current report and previous meta-analyses.[@R4] Mixed CF-sensing technologies were grouped together in previous analyses. One of the analyses reported effectiveness outcomes at varying follow-up time points,[@R4] while the other included data from abstract presentations.[@R5] The current study employed a more focused methodology: consistent 12-month follow-up was used for the primary effectiveness outcome and only fully published results were included. Although all three meta-analyses reported that CF-guided ablation resulted in better success, the current report found the largest effect size. This may be due to differences in methodologies, incremental addition of new published evidence since the earlier reviews, greater operator experience with newer technologies in the more recent publications or possible differences in clinical outcomes between the two CF technologies as suggested by differences in CF relationships and clinical outcomes.[@R4]

Limitations {#s4a}
-----------

Limitations of this systematic review and meta-analysis primarily relate to the availability, comparability and currency of published evidence. We included data from both randomised and non-randomised studies in our analysis, due to the limited availability of randomised evidence in this setting. We are aware of two randomised trials using the ST catheter published since our search cut-off date, both of which compared use of CF-sensing ST to ST ablation with CF blinded to the operator.[@R16] One of these studies, in the setting of persistent AF, is discussed above. A 2018 study conducted by Schaeffer *et al* randomised paroxysmal AF patients to two target CF settings or to operator-blinded CF; freedom from AT at 14 months was 81.9% in the high CF group and 73.5% in the lower CF group, compared with 71.4% for blinded CF (p=0.6 for the comparison).[@R21] These results were not substantially different from our meta-analysis of randomised trials overall, or the subset meta-analysis of CF-sensing ST compared with blinded CF.

Recent research on meta-analysis has provided evidence for concordance of results from randomised and non-randomised studies investigating identical outcomes.[@R22] Moreover, we addressed potential effects of study design on the results via sensitivity and subgroup analyses. Similarly, since author definitions of the primary endpoint (freedom from AT at 12 months) and site practices for procedural parameters varied, we conducted sensitivity analyses to assess the effect of these differences. The planned sensitivity analyses found the results to be robust. Limited persistent AF studies reporting the primary endpoint were available in our analysis, and the results in this patient population need to be examined further. Procedural complications were not reported consistently from study to study, and with the small numbers of patients in most studies, it is difficult to estimate the risk of rare events.

Conclusions {#s5}
===========

Compared with ablation with other ablation catheter technologies, AF ablation using an open-irrigated catheter with spring sensor CF-sensing technology is associated with greater long-term freedom from AT and shorter procedure and fluoroscopy times.
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